The photosynthetic responses to a floweringinductive water-stress period and recovery were studied and compared in two Citrus species. Under greenhouse conditions, Fino lemon and Owari satsuma trees were subjected to moderate (-2 MPa at predawn) and severe (-3 MPa) water stress levels and were re-watered after 60 days. Vegetative growth was inhibited during the stress assays, and strong defoliation levels were reported, especially in Fino lemon. In both species, bud sprouting was induced after re-watering. Flowers and vegetative shoots developed in Owari satsuma after a drought period, and the development was independent of the stress level. In Fino lemon, vegetative shoots and flowers were primarily formed after moderate and severe stress, respectively. The photosynthetic rate and stomatal conductance were reduced by water stress, and a marked increase in water-use efficiency at the moderate water deficit level was observed. Nevertheless, the photosynthetic apparatus was not damaged, since the maximum quantum yield, photosynthetic pigment concentrations and Rubisco level and activity did not change. Furthermore, the measured malonyldialdehyde (MDA) and peroxidase activity indicated that oxidative stress was not specifically triggered by water stress in our study. Therefore, the gas exchange, fluorescence and biochemical parameters suggested that diffusional limitations to photosynthesis predominated in both of the studied Citrus species, and explained the rapid recovery of the photosynthetic parameters after rehydration. The net CO 2 fixation rate and stomatal conductance were recovered within 24 h in Fino lemon, whereas 3 days were required in Owari satsuma. This suggests the presence of some metabolic limitations in the latter species. Furthermore, the sensibility of the defoliation rates, the accumulation of proline and the stomatal behaviour in response to water stress indicated a higher drought tolerance of Fino lemon, according to its better acclimation to hot climates.
Introduction
In subtropical regions, most Citrus species display two flushes of bud sprouting throughout the year (Davenport 1990) . The spring flush is the most important, and vegetative sprouts and inflorescences are formed during this flush. The mid-summer flush is usually much smaller and usually almost exclusively forms vegetative shoots. In tropical climates, bud sprouting and flowering may occur uninterruptedly throughout the year, although a mean peak of bloom often occurs in the spring.
The flowering intensity in the spring results from a combination of internal factors and environmental stimuli. It has been proposed that low winter temperatures release bud dormancy and induce flowering in subtropical conditions (García-Luis et al. 1992) , although other environmental factors may also be involved. The winter water-stress period in hot tropical and subtropical habitats induces bud sprouting and flowering in Citrus (Cassin et al. 1969; Davenport 1990) .
The inductive effects of water stress and low temperatures has been studied in different Citrus species, including sweet orange, lime, lemon and mandarin (Davenport 1990; Spiegel-Roy and Goldschmidt 1996) . The induction degree has been described to be proportional to the severity and duration of the stress (Southwick and Davenport 1986) .
Out-of-season flowering can also be triggered in some Citrus species by a water-stress period that is followed by rainfall or irrigation. Water stress that is induced by the withdrawal of irrigation has been exploited for the commercial production of summer lemons (Verdelli) in Sicily, summer limes in California and Egypt, and to control bloom in orange and mandarin trees near the equator (Barbera et al. 1985; Spiegel-Roy and Goldschmidt 1996) . Drought is commonly maintained during a 2-month period. In addition to the water savings, the primary advantage of this process is the ability to market the crop during the period of the greatest consumer demand and highest price.
Water stress is the most common environmental limitation to photosynthetic CO 2 assimilation; it therefore affects the subsequent availability and allocation of carbon for tree growth and fruit yield (Syvertsen 1996) . Drought results in the inhibition of photosynthesis; this occurs either by diffusion limitations or by metabolic impairment (Sharkey 1990; Lawlor 1995) . The earliest response to drought seems to be stomatal closure, and both the stomatal and mesophyll conductances are the dominant limitations of photosynthesis during mild to moderate drought stress (Galmés et al. 2007) . Biochemical limitations, which involve the impairment of Rubisco activity and the reduction of ribulose-1,5-bisphosphate (RuBP) content, further decrease photosynthesis under severe drought conditions. The relative water content at which these biochemical mechanisms are impaired is species-dependent (Bota et al. 2004) .
Several studies reported decreases in the net photosynthetic rate and stomatal conductance in response to drought in Citrus species (Vu and Yelenosky 1988; Ruiz-Sánchez et al. 1997; García-Sánchez et al. 2007; Pérez-Pérez et al. 2009 ). However, in most cases, short-term photosynthetic responses were characterised or a moderate stress level was applied. In this study, the photosynthetic parameters were regularly measured during the 60 days of water stress to assess the tolerance of the photosynthetic apparatus. The effect of drought on some biochemical parameters was also measured. Furthermore, the correlation between the stress level and the performance of the photosynthetic process was also studied.
Photosynthetic recovery following a mild stress is usually rapid and complete. In contrast, the recovery following severe stress is progressive and slow; it lasts from days to weeks and is sometimes incomplete (Flexas et al. 2006) .
In Citrus, a rapid recovery of leaf-water relations and gas-exchange parameters has been described in short-term experiments (Vu and Yelenosky 1988; Ruiz-Sánchez et al. 1997) ; however, no data are available regarding the effect of a long period of water stress. In our work, we studied the recovery of photosynthesis following a flowering-induction water-stress period of 60 days. We compared the effect of the stress level and the performance of the photosynthetic apparatus in two different Citrus species that are of great economic interest in Spain, Fino lemon and Owari satsuma. These two species differ in their phenology, physiology and response to abiotic stresses (Davies and Albrigo 1994) . Lemons likely originated in tropical areas, while mandarins have a subtropical origin. Therefore, the species have different flower-inducing requirements (Davies and Albrigo 1994) . In addition, both species show different flowering habits; lemons may present several flowering flushes during the year, while mandarins show one primary flush of bloom.
The objectives were as follows (1) to study the performance of the photosynthetic apparatus in response to a longterm, flower-inducing water-stress period, (2) to determine the effect of the drought level on photosynthesis and bud sprouting and (3) to compare the effects of the water-stress period and the responses in Fino lemon grafted onto Alemow and Owari Satsuma grafted onto Carrizo citrange. ] Burm. F.) grafted onto Alemow (C. macrophylla Wester) were grown in 30 L pots that were filled with a mixture of peat:sand:perlite (7:2:1 by volume) and kept in a greenhouse that was covered with a reflective, aluminised net. The maximum light (PAR) in the greenhouse was approximately 700 lmol m -2 s -1 , and the temperature ranged between 20 (minimum) and 32°C (maximum). These conditions are considered to be noninductive in Citrus (Davenport 1990) .
Materials and methods

Plant
Until the beginning of the experiment, the trees were watered every 2 days to run-off and were fertilised weekly with Hoagland's no. 2 solution (Hoagland and Arnon 1950) . The predawn water potential (w w ) was in the range -0.9 to -1 MPa.
Experimental design
The trees of both species were subjected to moderate (-2 MPa) or severe (-3 MPa) drought stress for 60 days (Southwick and Davenport 1986) . Watered, fertilised trees were used as controls. Water stress was induced by withholding irrigation until the predawn water potential (w w ) of the leaves, which was determined with a pressure chamber (PMS Instrument Co, Corvallis, OR, USA), reached the predefined water deficit level. These predefined water stress levels were reached 6-12 days after the irrigation was withheld. After this time, the stress level was maintained by the daily addition of the transpiration water volume, which was calculated from the weight of the pots as previously described by Chaikiatitiyos et al. (1994) . The nutrient solution was added to the transpiration water once per week. This procedure facilitated the maintenance of the desired water stress with a variation of ±15%. Sixty days after stress was established, the irrigation was resumed. Nine trees were used for each stress level. Within the treatments, the trees were randomly distributed in three blocks of three trees.
Gas-exchange and chlorophyll fluorescence measurements
The rate of the net CO 2 assimilation (A N ), transpiration (E) and stomatal conductance (g s ) were measured during the experiment at natural PAR and temperature conditions with an LCi Portable Photosynthesis System (ADC, Herst, UK). The measurements were taken from 9 am until 12 pm to avoid the mid-day drop in photosynthesis. The water-use efficiency (WUE) was estimated by the ratio A N /E. The chlorophyll fluorescence parameters were measured in the same leaves using a portable pulse amplitude modulation fluorometer (MINIPAM, Walz, Effeltrich, Germany). The maximal photochemical efficiency of photosystem II (PSII) was estimated by the fluorescence ratio F v /F m of half-hour dark-adapted leaves, and it was calculated from F 0 and F m (Genty et al. 1989) .
The measurements were taken once a week during the water stress conditions, and were taken daily after watering was resumed and until photosynthesis was recovered. One measurement per tree was performed on a fully expanded mature leaf (third or fourth leaf from the shoot apex).
Biochemical analyses
For each treatment, the trees were randomly distributed into three groups of three plants. Therefore, three independent extracts, which corresponded to each group, were obtained for each treatment. Three mature leaves per plant were sampled and pooled together for each extract. The leaves were rinsed once with 0.1% Tween-20 and three times in distilled water.
The chlorophylls and carotenoids were extracted in 100% acetone and quantified using the extinction coefficients and equations that were described by Lichtenthaler and Buschmann (2001) . Peroxidase activity was determined using the guaiacol oxidation method that was described by Bajji et al. (1998) . A total of 100 mg of fresh leaf tissue was used in each independent extraction. The guaiacol oxidation was followed spectrophotometrically at 436 nm after the reaction was initiated with 150 lL H 2 O 2 .
Proline was determined as previously described by Bates et al. (1973) . The leaf tissue (0.2 g) was ground in 3% sulfosalicylic acid, the homogenate was filtered, and glacial acetic acid and the ninhydrin reagent were added to an aliquot of the filtrate. The reaction mixture was boiled for 1 h, and readings were taken at a wavelength of 546 nm in a spectrophotometer.
Lipid peroxidation was determined by measuring the malondialdehyde (MDA) content as described by Heath and Packer (1968) . Fresh leaf tissue (0.25 g) was homogenised in 0.1% trichloroacetic acid (TCA) and centrifuged. Twenty percent TCA that contained 0.5% thiobarbituric acid was added to an aliquot of the supernatant and boiled for 30 min. The absorbance was measured at 532 and 600 nm, and the MDA concentration was calculated using its extinction coefficient (155 mM -1 cm -1 ). Rubisco carboxylase activity was determined as previously described by Lorimer et al. (1977) . Rubisco was extracted from 1 g of fresh leaf tissue as described by Peñarrubia and Moreno (1988) . Briefly, the leaves were homogenised in 10 mL of extraction buffer (100 mM Tris pH 8.0, 10 mM MgSO 4 and 20 mM 2-mercaptoethanol) and filtered through two layers of Miracloth. PVP was added (2%), and after 10 min of stirring, the samples were centrifuged at 8,0009g for 20 min. The supernatant was used for the Rubisco assay. Rubisco (20 lL) was activated in buffer A (100 mM Tris pH 8.2, 20 mM MgCl 2 , 10 mM NaHCO 3 and 1 mM 2-mercaptoethanol) at 30°C for 10 min, and the carboxylation reaction was assayed with 110 mM NaH 14 CO 3 in buffer A for 1 min. The reaction was stopped by adding 50 lL of 2 M HCl. Unincorporated 14 CO 2 was eliminated in a vacuum at 60°C for 16 h. The radioactivity was then measured in a liquid scintillation counter (1214 Rackbeta; LKB). The amounts of Rubisco were determined by immunoblotting using rabbit polyclonal antibodies against the purified large subunit of Euglena Rubisco. The soluble protein content in the extracts was determined as described by Bradford (1976) .
Defoliation and bud sprouting Defoliation was measured after 30 and 60 days of drought stress. Four branches were randomly selected and tagged in each tree. The number of leaves per branch was counted, and the results were expressed as the percentages of defoliation. Trees (2012) 26:833-840 835 Bud sprouting and flowering induction by drought was measured 30 days after the irrigation was resumed. The results were expressed as the number of newly formed shoots (vegetative or inflorescences) per 100 nodes.
Statistical analyses
The results were subjected to an analysis of variance (SPSS for Windows version 12.0.1, IL, USA). The bud-sprouting and flower-formation data were transformed as the arc sin of the square root. The mean comparisons were performed with Tukey's test.
Bivariate and partial correlations between the photosynthetic parameters were performed using SPSS.
Results
Plant growth and defoliation
The well-watered control plants exhibited vigorous growth and scarce defoliation (Fig. 1) during the experimental period. In the stressed plants, growth ceased due to the abscission of the apical meristems. Moreover, defoliation was high in both species, and it primarily occurred during the first month of stress. Leaf abscission increased with the intensity of the stress (Fig. 1) . Fino lemon was more sensitive to severe stress (-3 MPa) (Fig. 1a) than Owari satsuma (Fig. 1b) , and after 60 days of stress, it showed a higher proportion of leaf abscission (63 vs. 48%, respectively; P \ 0.05).
Bud sprouting and flowering
Water stress induced bud sprouting in both species (Table 1) . The bud sprouting and flower formation occurred between 15 and 30 days after the irrigation was resumed. In Fino lemon, the drought intensity did not affect flowering, but it affected vegetative shoot formation (P \ 0.05; Table 1 ). However, in Owari satsuma, mainly vegetative shoots were formed after moderate stress, and inflorescences were formed after severe stress.
Photosynthesis
The net CO 2 fixation rate (A N ) varied during the experimental period in the well-watered plants due to day-today changes in the light and temperature conditions of the greenhouse. In Owari satsuma and Fino lemon, A N was directly related to both PAR (in the range 70-700 lmol m -2 s -1 ; r 2 = 0.64 and 0.70, respectively) and to temperature (in the range 20-32°C; r 2 = 0.35 and 0.40, respectively). In the unstressed plants, the average A N , g s and E values during the experiment were higher in Owari satsuma than in Fino lemon (Fig. 2) . Water stress reduced (P \ 0.05) the photosynthetic rate, stomatal conductance, transpiration and substomatal CO 2 concentration in both Fino lemon (Fig. 2a) and Owari satsuma (Fig. 2b) . Compared to the controls, a water potential of -2 MPa at predawn resulted in a 20% reduction in the photosynthetic rate in Fino lemon and a 30% reduction in Owari satsuma. At a w w of -3 MPa, the reduction increased to 40 and 50% in the lemon and satsuma trees, respectively. This additional decrease of A N that was caused by the lower water potential between the moderate and severe stresses was not statistically significant. Overall, photosynthesis and transpiration were correlated to stomatal conductance (r 2 = 0.70-0.76; P \ 0.05). At intermediate g s values, which corresponded to the moderate stress, transpiration was more affected than photosynthesis by stomatal closure, which led to an increase in the WUE for both Fino lemon (140% compared to the controls) and Owari satsuma (150%). The water potential did not affect the maximum fluorescence yield (Fig. 2a, b) .
Biochemical changes
Water stress did not affect the chlorophyll and carotenoid contents in the leaves (data not shown), but in Owari Fig. 1 The effect of the duration (30 and 60 days) and intensity of water stress on defoliation in Fino lemon (a) and Owari satsuma (b). Each value is the mean of nine trees. For each date, the different letters indicate statistical differences among the treatments (P \ 0.05). Controls circle, moderate stress (-2 MPa) triangle, severe stress (-3 MPa) square satsuma, water stress resulted in an increased (P \ 0.05) chlorophyll a/b ratio (2.0 of the controls versus 2.3 and 2.6 of the -2 and -3 MPa ones, respectively). The amount of total soluble protein, Rubisco content and activity also did not change due to the stress (data not shown).
Water stress also did not affect the activity of guaiacol peroxidase or the MDA content (data not shown). Proline accumulated in the leaves in response to water stress. In Fino lemon, the accumulation was the same at -2 and -3 MPa (18 and 19 mg g -1 DW, respectively, compared to 9 mg g -1 DW of the controls). In Owari satsuma, the accumulation was observed at -3 MPa (30 mg g -1 DW)
but not at -2 MPa (16 mg g -1 DW, compared to 15 mg g -1 DW of the controls).
Photosynthetic recovery after irrigation was resumed
The leaves of the stressed Fino lemon trees recovered the unstressed-control levels of A N and g s within 24 h of rewatering (Fig. 3) . In Owari satsuma, the recovery of the CO 2 net exchange values also occurred within 24 h of rewatering, but the values of g s only reached those of the controls after 48 h (Fig. 3) .
Discussion
Although the majority of commercially grown Citrus is irrigated, most production areas in the world have climatic conditions that lead to drought periods during the production cycle. Irrigation is the most costly practice in Citrus growing in arid and semi-arid climates. Future climate changes may lead to the increased intensity or duration of these periods (IPCC 2001; Sarris et al. 2007 ). Water deficit affects Citrus vegetative growth, fruit yield, and fruit quality (Spiegel-Roy and Goldschmidt 1996) . Nevertheless, bud sprouting and flowering are promoted by water deficit stress in several Citrus species (Nir et al. 1972; Southwick and Davenport 1986; Chaikiatitiyos et al. 1994 ). This positive effect has been reported to be proportional to the duration of the drought period, and in some cases, it is proportional to the intensity of the stress. In this work, bud sprouting and flowering were increased by water stress. However, a different response was observed in both of the studied species; this was likely due to their origins and natural adaptation to the environment (Davies and Albrigo 1994) . Flowering was induced in Owari satsuma by any water stress level in our study. However, Fino lemon flowers only developed after a severe stress period. The characterisation of the drought's effects on flower induction and physiological parameters may be of great interest in a changing climate. Changes in the phenology of the plants have been reported in the Mediterranean area (Gordo and Sanz 2010) , and alterations in the intensity of flower formation following warmer winters is expected in Citrus species. The responses are usually species-dependent, and more studies are needed to assess whether drought would supplement a lack of sufficient chilling temperatures that play a major role in inducing flowering in subtropical growing areas. Water stress significantly limits canopy development (Spiegel-Roy and Goldschmidt 1996). We observed significant levels of defoliation in both of the studied species, and this defoliation occurred primarily during the first 30 days of the experiment. Water stress-induced leaf abscission is one of the most important drought resistance mechanisms that have been developed by plants; it reduces the transpiration surface and prevents dehydration (Addicott 1982) . Fino lemon showed higher defoliation at severe stress levels, which likely indicates a better tolerance to extreme drought. It has been described that leaves are injured in water-stressed Citrus trees, but the leaves do not abscise until the water stress is released (Gómez-Cadenas et al. 1996) . Nevertheless, in that work, water stress was rapidly imposed upon Cleopatra mandarin seedlings (within 24 h). In contrast, in our study, the stress was imposed progressively, and transpiration was never completely blocked during the experiment, even for the severe stress. As proposed by Gómez-Cadenas et al. (1996) , this would allow the transport of ACC and ABA from the roots to the shoots and the subsequent synthesis of ethylene in the leaves, which promotes leaf abscission. No additional leaf losses were reported when the lemon and satsuma trees were re-watered after the drought periods; this ensured a threshold canopy.
Citrus species showed marked anisohydric behaviour, and progressive decreases in leaf water potential occurred as the water stress intensified (Syvertsen and Lloyd 1994) .
The decrease in the photosynthetic rate and stomatal conductance with the drought intensity was higher in Owari satsuma than in Fino lemon. The accumulation of solutes may allow plants to maintain a positive pressure potential, which is required to keep stomata open (Pérez-Pérez et al. 2009 ). Proline, ions and sugar content increase with drought in Citrus ). Nevertheless, although proline accumulated in lemon and satsuma in our study, its increase in the tissues may not be always related to osmotic adjustment (Ruiz-Sánchez et al. 1997; Pérez-Pérez et al. 2009 ). It has been suggested that proline plays a different role in drought tolerance; it may protect against oxidative damage or serve as carbon and nitrogen reserve to facilitate growth after stress relief ). Compared to the controls, the stomatal conductance was more sensitive to water stress than photosynthesis, which led to an increase in the WUE. The improvement of the WUE is one of the main targets of crop research in Mediterranean environments (Reynolds and Tuberosa 2008) . Regulated deficit strategies can potentially increase agricultural water savings by allowing crops to withstand water stress with no or only marginal decreases of yield and quality (Costa et al. 2007 ). The control of stomatal conductance during controlled irrigation may be a good alternative to improve WUE by considering that the sensitivity of the yield to water stress in Citrus is dependent on the phenological phase in which the water stress is applied (Castel and Buj 1990; Domingo et al. 1996) .
It is well known that one of the primary physiological targets of drought is photosynthesis. The effects can be direct, such as with the decreased CO 2 availability that is caused by diffusion limitations and alterations of photosynthetic metabolism, or the effects can be secondary, such as in oxidative stress (Chaves et al. 2009) . A general failure (Syvertsen and Lloyd 1994) , we reported a significant decrease in C i as the net CO 2 fixation decreased, which suggests that stomatal limitations are important in the response to water stress. Our results coincided with those that were described by Erismann et al. (2008) and indicated that diffusional restriction is the main factor that limits photosynthesis in orange leaves that experience moderate water deficit.
Metabolic impairments may also affect photosynthesis; this is especially apparent under severe stress (Gallé et al. 2009 ). The inhibition of Rubisco activity as response to water stress was reported in Valencia orange by losses in the activation state and the enzyme quantity (Vu and Yelenosky 1988) . Nevertheless, in our experiment, water stress did not alter the total activated Rubisco activity or the amount of Rubisco in Fino lemon or Owari satsuma. In addition, no degradation of total soluble proteins was reported, and no changes in the chlorophyll levels were detected. However, Owari satsuma showed an increased chlorophyll a/b ratio with drought, which indicates that the distribution of chlorophylls changed to avoid photosynthetic apparatus damage. As reported in the present study, small decreases in the chlorophyll fluorescence parameter F v /F m have been described in several species in response to water stress (Valladares et al. 2005) ; this indicates only a minor irreversible damage of the photosynthetic machinery during drought. During water stress, the equilibrium of the production and removal of reactive oxygen species can be altered, which can result in oxidative damage to proteins, nucleic acids and lipids. However, no MDA accumulation was produced in our study, and no changes in the activity of guaiacol peroxidase were observed. Although other antioxidant systems may be functional, these results could indicate that marginal oxidative stress occurs during water stress in Citrus; further, excessive light and temperature, which are usually associated with drought, are responsible for photoinhibition and photo-oxidation processes.
Photosynthetic recovery after a mild water stress, with g s above 0.15 mol H 2 O m -2 s -1 , is usually rapid and nearly complete (Vu and Yelenosky 1988; Gómez-Cadenas et al. 1996; Pérez-Pérez et al. 2007 ). In contrast, the recovery after severe stress is progressive, slow and sometimes incomplete (Miyashita et al. 2005; Flexas et al. 2006) . A rapid recovery of net photosynthesis and leaf water potential was observed in our study even after severe water stress conditions. In Fino lemon, stomatal conductance reached similar values to the controls by 24 h.
Conversely, three days were needed in Owari satsuma, which allowed the plants to limit water loss via transpiration. This may reflect different drought adaptation strategies or different sensitivities to the stress conditions.
Conclusions
Although bud sprouting was induced by a drought period in both of the studied species, the effect of water stress on the photosynthetic integrity and the recovery after rehydration were assessed to improve resource efficiency. After the depletion of resource reserves, flowering and vegetative development must be supported by current photosynthesis. In the assayed conditions, water stress did not provoke important changes in the integrity of the photosynthetic apparatus per se; this was inferred from fluorescence and biochemical parameters. Furthermore, the rapid recovery of the stomatal conductance and net CO 2 fixation rates in Fino lemon suggested that severe water stress conferred fewer biochemical limitations and an important role in stomatal closure. An additional drought tolerance response that was utilised by these species was the marked abscission of the older leaves to reduce water loss by transpiration. Based on the slower recovery of the stomatal conductance, Owari satsuma may display some metabolic limitations. Nevertheless, the rapid recovery of photosynthesis that was described in both Citrus species after water stress allows the plants to cope with the initial carbon requirements. In conclusion, a drought period specifically induced vegetative sprouting and flowering in Citrus. Because the drought did not damage the photosynthetic apparatus, it permitted the rapid recovery of vegetative and fruit growth after irrigation was resumed.
